Abstract� Technology of energy self-supply which can improve the work efficiency and extend the work time is significant for underwater carrier, such as underwater vehicle. As one of the renewable energy, the absorption and utilization of wave energy is always an important research field home and abroad, and energy absorption efficiency is the key. A wave energy absorption system based on inertial pendulum is presented, and dynamics equations are established. A method based on PSORBF neural network is adopted to model in time domain. The results obtained by simulation software and by neural network are compared, which validate the method used to be correct and make basis on future research.
INTRODUCTION
In recent years, with the impact of ocean on human society is growing, and the role ocean play on national security and economic is more important, marine unmanned system and autonomous system has become a frontier research area with strategic significance. Thus energy supply of marine unmanned autonomous system has become a new frontier technology. Currently, the utilization and research on ocean wave energy are mainly based on the way of onshore or anchoring, and the research of utilizing wave energy on artificial underwater carrier has been applied, such as a docking system developed by the AUV Laboratory at Massachusetts Institute of Technology (MIT), which can support the Autonomous Underwater Vehicle (AUV) to exchange power and data, and to transfer energy [1] . In 1997, sea trials of this system were done, and the results demonstrated that the maximum energy transfer rate of this system was estimated to be 80% [2] . In 2001, A. Maridan et al completed sea trials of their docking system for AUV, this trial mainly aimed at the complex task of docking an AUV, and the conversion efficiency was not mentioned [3] .
Currently, there are some common problems in power used in artificial underwater carrier (such as underwater vehicle, AUV etc.), such as one-time energy, complex and difficult energy supplement etc., which make severe restriction in development of underwater carries. Ocean energy is one of the key technologies of unmanned and autonomous system, and autonomous power supplement technologies have been paid more attention to. And AUV droved by solar energy and temperature difference energy 978-1-4244-6585-9/10/$26.00 ©2010 IEEE
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Zaili Dong Shenyang Institute of Automation Chinese Academy of Sciences Shenyang llO016, China come out one after the other [4] , which produce new technical approaches for energy self-supply of ocean artificial system. To solve the problem of energy self-supply of underwater carrier, a new method faced on energy self-supply of small artificial ocean system is presented, and the energy absorption mechanism, based on inertial pendulum, is adopted. Meanwhile, the relative kinematics and dynamics model are gained. And aiming at overcoming the difficulties introduced by modeling of energy absorption efficiency by ADAMS, a method based on REF neural network is adopted for modeling accurate mathematical model of wave energy absorption efficiency. At the same time, to improve the accuracy of REF, the modified algorithm based on PSO (particle swarm optimization) algorithm is presented. The numerical results of wave energy absorption efficiency about inertial pendulum system gained by dynamics software and dynamics equations are trained by PSOREF network, and an accurate mathematical model is gained, which will produce an effective theory analysis method and mathematical basis for further structure design and realization of inertial pendulum wave energy absorption structure.
II. MODELING OF INERTIAL PENDULUM SYSTEM
The pendulum without friction, in general mean, will reciprocate under the effect of gravity. If an outside excitation acts on the pendulum and makes it move, an inertial pendulum system is formed. And if the reciprocation of wave is used as outside excitation to drive the load with inertial pendulum to move, the inertial pendulum will move too. The movement of inertial pendulum is converted into usable mechanical energy, and the wave energy can be absorbed and utilized.
A mechanical design of inertial pendulum based upon idea above is proposed to absorb wave energy, and the diagram of this system is shown in Fig.l . Suppose that an inertial pendulum with a mass m and multi-DOF is installed in a load with a mass M, and the whole system is ensured to float near the water surface. Besides gravity and buoyancy, the force on the system is mainly wave force. Under the action of wave force, the load will move with wave, and the velocity and acceleration of load are produced, and then the hydrodynamic forces are produced too.
To gain the circumstance of inertial pendulum absorbing wave energy, dynamics equations and kinetic equations of total system under wave force should be modeled first. Then, an entity model can be established in dynamics simulation software to know circumstance of energy obtained by inertial pendulum inner.
According to the rigid body dynamics modeling method, and underwater carrier kinematics equations are set up. 
Where, m is mass of system, Ix , I y and I z are rotational inertia of three axis respectively, u, v and w are system velocity in directions of three axis respectively, p, q and r is rotational angular velocity of system, and ( xc,yc,zc ) is the coordinate of mass centre of system. Because of the moving pendulum, coordinate of mass centre of system is changeable. X -N are the resultant force (or moment) acting on carrier, and which should meet follow:
F=FH +Fw
Where, FH and Fw denote the hydrodynamic force and wave force on carrier.
Besides, the dynamics equations can be gained as follow:
w( sin lj/ cos rp + sin (J cos lj/ sin rp) Ye = u sin e + v cos e cos rp -w cos e sin rp i e = -u cos e sin lj/ + v( cos lj/ sin rp + sin (J sin lj/ cos rp) + w( cos lj/ cos rp -sin (J sin lj/ sin rp )
Where, rp, lj/, (J are horizontal rolling angle, yaw angle and pitching angle, respectively. (Xe'ye, Z e) is the relative position of mass centre of system and ground
coordinates. a and fJ is incidence angle and sideslip angle of system, VT is the velocity vector of system, i.e., the velocity of system coordinates origin.
Only the moving circumstance of system under the initial velocity being zero is analyzed, and the influence of wave forces and hydrodynamic forces are the only facts being considered. Then, the movement velocity, movement displacement and the energy being absorbed of inertial pendulum can all be gained, while the equation of inertial pendulum need not being established again.
III. MODELING BASED ON PSORBF NETWORK
Energy absorption efficiency p is a very important parameter, which decides the performance of system. It has been proved that under the same wave condition, with different radius of external carrier and mass of pendulum, the capture width ratio and energy absorption ratio may be different. On the other hand, with save carrier condition and different wave angle and wave frequency the energy absorption efficiency of pendulum will also changes. From (1), can be known that the dynamics equations are strong nonlinear and coupling. So, it will be difficult to gain capture width ratio and energy absorption ratio of system through dynamics equations at time domain. Besides, it will also be more difficult to gain the movement circumstance of inner inertial pendulum by dynamics equations modeled, so the energy absorption circumstance is. Thus, based on dynamics equation established as (1), the dynamics simulation software is introduced to obtain movement and energy absorption circumstance of internal inertial pendulum. Through modeling in software many times, capture width ratio and energy absorption ratio of system with different radius, different mass ratio of inner inertial pendulum and external carrier, different wave angle and different wave frequency can be gained, and energy absorption efficiency can be gained then. But it is so difficult and a thing wasting time to describe the relations of (l) and to model one by one when the condition of system changes. Therefore, a mathematical model of energy absorption efficiency p should be established.
A. Modeling of Inertial Pendulum in Dynamics Simulation Software
An entity model can be established in dynamics simulation software based on fig. 2 . And in order to be advantageous for the research, following supposition is made: first, the fluid is the ideal and incompressible, and the campaign is irrotational; second, wave depth is infinite and belongs to the micro wave; third, the effect produced by object' exist can not be considered; fourth, the inner air resistance and fiction force of object underwater can be neglected; finally, the system moves with wave.
To describe (1) in simulation software accurately, not only the relative force, velocity and mass centre et al variables should be added to, but also many other variables should be established as shown in fig. 2. From fig. 2 can be seen that it has been very complex to model under one of system conditions and any wave condition, and to model under many system conditions and wave conditions will be more difficult. A BP network facing the different carrier condition has been studied in literature [ 5 ] , and an accurate result is obtained. Because of the randonmess of wave, the carrier under wave force and relative hydrodynamic force will change the movement direction. Even if with the same wave height, if there are different wave frequency and wave angle, the energy obtained by inertial pendulum will be much different. Thus, it is necessary to establish a model with same carrier and pendulum condition while different wave and different wave I)The RBF Ne twork Structure: Researches has indicated that RBF neural network (RBFNN) can overcome the problems of long training time and difficult in determining hidden layer node numbers brought by BP Network. As shown in Fig.3 , RBFNN is a feedforward neural network with 3 layers, which are termed in input layer, hidden layer and output layer, respectively. The input layer plays the role of signal transduction. And the hidden layer is used mainly to complete nonlinear mapping to input layer, in which layer radial basis function is selected as activation function. The outputs of hidden layer will be calculated with method of weighted sum last in output layer. Gauss function is usually 135 selected as activation function of hidden layer, and the concrete function is as follow [6] :
where, 0 is output of Gauss function, X is input vector, c is the centre vector of Gauss function, and (J' IS the width of controlling radial basis function.
The output of RBF Y i can be expressed as:
k=1 k=1 where, (Vi k is the link coefficient of output layer.
When carrier is in certain conditions and the wave height is same, the factors impacting energy absorption of pendulum are major wave frequency and wave angle. Then, there are two nodes in input layer of network.
Input layer includes a two-dimensional vector, 2)Stochastic Gradient Approximation Method of RBFNN: When stochastic gradient algorithm is used to training RBFNN, there are three network parameters are allowed to be adjusted (i.e. weighed value, centre position and width of RBF). Thus, the weighted value, centre point value and expansion parameter of output layer can be learned synchronously and in guide. Before introducing algorithm, instantaneous error cost function should be defined.
The learning algorithm of REFNN based on stochastic gradient method can be summ arized as:
Step 1: the centre of REF function is selected from input vector set.
Step 2: initial values of expansion of parameters are calculated refer to (6).
Step 3: weighted values of output layer are initialized to little random values.
Step 4: network outputs are calculated based on next formula:
Step 5: network parameters are updated. Step 6: test the network convergence, else go back step 4.
3) Algorithm Description of PSORBF: To improve the accuracy and speed of network training, PSO algorithm is selected to train the parameters of REF. Concrete algorithm is described as follow:
Step 1: initialize the particle swarm with every particle Pi consisting of three parts, the width of controlling radial basis function 0" , the centre vector C and the link coe ffi cient of output layer mik. The particle number m is confirmed and the initial generation t= 1, initial velocity V is generated randomly.
Step 2: based on REF algorithm described above to train the network, and to gain the real output y.
Step 3: evaluate the particle fitness based on function defined as:
where N is dimension of input vector.
(9)
Step 4: the current fitness value /; is calculated, and 136 rearranged as fl < f2 < ... < f m .
Supposed that I = (m + 1) / 2, the position and velocity of fl+l ,f1+ 2 ,···,f m will be replaced by the corresponding values of fl,f 2 ,···,f m.
Step 5: for every particle, the current fitness value f(p j) is compared with historical fitness f(Pi) in best position. If f(p) < f(P i)' then Pj = Pi . And f(Pi) is compared with f(Pgb) (which is in the best position in
Step 6: update the velocity and position of particle based on (9) and (10), and new swarm is generated.
V n ew = W X Vcur + Cl x rl x (p i -P i ) + c2 x r 2 x (p gb -P i ) P n ew = P i + 0.3 xV n ew where, V n ew is the velocity after updating, P n ew is the position after updating, V cur is the current velocity, c 1 andc 2 is weighted factor, r1 and r2 are all generated randomly in domain [0,1], and w is inertia weight.
Step 7: if the iterations reach maximum, the training stop, and the global extreme value and training error of current group are returned. Else, t=t+ 1, tum to step 2.
Step 8: the parameters of REF network can be gained based on training above.
IV. SIMULATION RESULTS
Suppose that the wave height, the radius of carrier and the mass ratio of pendulum and carrier are unchanged. Then, change wave frequency and wave angle respectively, and observe the change of energy absorption ratio. Finally, the relative REF network is modeled.
Suppose that radius of carrier is 0.9065m, the mass ratio of pendulum and carrier is 0.4444, length of bar of inertial pendulum without respect to the mass is 0.3078m, the radius of bob is 0.2242m, and the wave average wave height is 2m. Based on the above conditions, a model of carrier as shown in fig.2 is modeled in simulation software. The wave frequencies are set to be 0.5radis, 0.75rad/s, 1radis, 1. 25rad / s, 1.5radis, 1. 75radis, 2radis and2.25radis. And the wave angles are set to be 0° , 22.5°, 45°, 67.5° and 90° respectively. A set of training data is obtained, and the wave angle is described by radian. pendulum very well, and researches of system with inertial pendulum can be done based on the network trained. Based on the network trained, a relation surface of wave frequency, wave angle and energy absorption efficiency of pendulum is formed (as shown in fig. 5 ), from which the maximum of energy can be gained. The dynamics equations of inertial pendulum system are established, and entity model in simulation software is modeled, based on which circumstances of energy obtained of pendulum and wave in different conditions are studied and then the energy absorption e f ficiency can be ga i ned. Then, PSORBF network is trained to gain the mathematical model of energy absorption efficiency. Finally, results gained by network trained are compared with test data obtained by simulation software, and the results proved the model is reliable, and which will provide a new validate modeling channel for future research on wave energy absorption and even on other domain of utilization. Meanwhile, it will also lay foundations for future research of obtaining wave energy under different conditions.
